Leptin is an adipose protein regulating food intake in the hypothalamus. Animal studies have suggested that leptin also acts in an auto-=paracrine fashion on adipose cell function. OBJECTIVE: The aim of this study was to investigate the effects of leptin on the differentiation and metabolism of cultured human adipocytes. MATERIAL: Adipose tissue from young healthy, lean women (body mass index (BMI) < 27 kg=m 2 ) undergoing elective mammary reduction surgery and young obese individuals (BMI > 40 kg=m 2 ) undergoing laparoscopic gastric banding. METHODS: Human preadipocytes in primary culture were induced to undergo differentiation by defined adipogenic factors. Mature adipocytes were isolated by collagenase digestion and kept in culture suspension. Glycero-3-phosphate dehydrogenase (GPDH) activity was used as a marker of adipose differentiation; glucose uptake, lipolysis and PAI-1 secretion were measured as parameters of fat cell function. RESULTS: Human preadipocytes and adipocytes from lean and obese subjects expressed the long leptin receptor isoform and two of the three short forms as assessed by polymerase chain reaction (PCR). Leptin at a supraphysiological concentration induced a transient increase of GPDH activity, but had no effect on glucose uptake and PAI-1 secretion from human adipocytes. In addition, basal and isoproterenol-stimulated lipolysis as well as the antilipolytic action of insulin in human adipocytes was not significantly affected by leptin exposure. CONCLUSION: In contrast to animal data, the results of our experiments do not demonstrate significant effects of leptin on main metabolic functions of human adipocytes arguing against a local auto-=paracrine action of leptin in human adipose tissue.
Introduction
Leptin is a 16 kDa protein secreted from adipose cells 1 which acts as a 'lipostat' by signalling body fat stores to the hypothalamus which in turn regulates food intake and energy expenditure to maintain body weight homeostasis. These effects of leptin are thought to be mediated through leptin receptors located in the hypothalamus, but peripheral tissues, including fat depots, have also been shown to contain leptin receptors and may be targets for leptin action. A variety of peripheral leptin effects have been reported, eg on endocrine pancreas, liver, endothelial tissue, bone and adrenal glands among others. 2 It was originally reported in rat adipocytes that leptin may impair several metabolic actions of insulin. 3 Later studies failed to demonstrate an effect of leptin on basal or insulinstimulated glucose uptake, 4 -6 whereas other animal studies provided evidence for a lipolytic action of leptin under various conditions. 7 -10 In one human study, isolated adipocytes showed a decrease in insulin-stimulated glucose uptake upon leptin treatment, while no effect on glucose uptake in human preadipocytes was observed. 11 The aim of this study was to investigate in detail possible local effects of leptin on various metabolic functions of human fat cells in vitro. First, we looked at the mRNA expression of leptin receptors in cultured human adipocytes. We then investigated the effects of leptin on glycero-3-phosphate dehydrogenase (GPDH) activity as a marker of adipose differentiation as well as on glucose uptake and on basal and isoproterenol-stimulated lipolysis measured by glycerol release. Furthermore, we addressed the question whether leptin has an effect on PAI-1 release from human adipocytes.
Materials and methods

Cell culture
Adipose tissue samples (20 -100 g) were obtained from mammary adipose tissue of young, lean (body mass index (BMI) < 27 kg=m 2 ) women undergoing elective mammary reduction surgery. Moreover, adipose tissue samples (5 -20 g ) from subcutaneous and omental fat depots were obtained from young, very obese (BMI > 40 kg=m 2 ) individuals during laparoscopic gastric banding. The procedure of collecting human adipose tissue has been approved by the Ethical Committee of the Heinrich-Heine-University Düsseldorf.
Stromal cells from human adipose tissue were prepared by collagenase digestion as previously described in detail. 12 The isolated cells were resuspended in Dulbecco's Modified Eagle's=Ham's F-12 (DME=F-12) medium (v=v, 1:1) supplemented with 10% fetal calf serum and inoculated into culture dishes at a density of approximately 3 -5Â10 4 =cm 2 . After a 20 h incubation period for cell attachment, cells were washed twice with phosphate-buffered saline (PBS) and refed with a serum-free DME=F-12 medium supplemented with 15 mmol=l NaHCO 3 , 15 mmol=l Hepes, 33 mmol=l biotin, 17 mmol=l pantothenate, 10 mg=ml human transferrin and 0.05 mg=ml gentamycin, pH 7.4. To induce adipose differentiation, cells were exposed to 66 nmol=l insulin, 100 nmol=l cortisol, 0.2 nmol=l triiodo-thyronine (T 3 ) and, for the first 3 days, 1 mg=ml troglitazone (kindly provided by Sankyo Europe, Düsseldorf, Germany), unless indicated otherwise. The medium was changed every 2 -3 days and cells were kept in culture for 18 -20 days.
Mature human adipocytes were also isolated by collagenase digestion according to a method described recently. 13 The freshly isolated fat cells were incubated for the time periods indicated in DME=F-12 medium supplemented with 4% BSA, 66 nmol=l insulin, 100 nmol=l cortisol, 50 mg=ml gentamycin and leptin as indicated in a shaking water bath at 37 C. The culture medium was then collected and immediately stored at 780 C until later measurement of glycerol or PAI-1 protein content.
RT-PCR
In vitro differentiated human preadipocytes plated on 35 mm dishes were harvested with 700 ml RLT-buffer of the RNeasyMini-kit (Qiagen, Hilden, Germany). Mature human adipocytes in suspension culture were also homogenized with 700 ml RLT-buffer by pipetting several times up and down and subjected to brief cold centrifugation. Then, the fat layer on top was discarded. RNA extraction was performed according to the manufacturer's instructions including an oncolumn DNase digestion with RNase-free DNase (Qiagen, Hilden, Germany). After spectrophotometric quantification of the RNA, 1 mg was transcribed to cDNA using Superscript II Reverse Transcriptase, random primers and ribonuclease inhibitor (Life Technologies, Karlsruhe, Germany) in a total volume of 25 ml. Polymerase chain reaction (PCR) of the leptin receptor isoforms was performed in a Gene Amp 9700 thermal cycler using primer pairs and PCR protocols for the full length human leptin receptor (OB-R) and for the short forms (OB-R 219.1 -OB-R 219.3) as described recently.
14 PCR products were electrophoresed on a 1.5% agarose gel and visualized by ethidium bromide staining. The length of the products was estimated by a 100 bp-ladder (Life Technologies, Karlsruhe, Germany).
GPDH activity GPDH was determined as a marker enzyme of adipose differentiation according to an established method. 15 Proteins were precipitated by deoxycholic acid treatment to avoid lipid interference and measured with the BCA Protein assay (Pierce, KMF Laborchemie Handels GmbH, Sankt Augustin, Germany). Specific GPDH activities are presented.
Glucose uptake 3 H-2-Deoxy-D-glucose uptake was used as a measure of the glucose transport system as described previously. 16 On day 17 of culture, cells were washed twice with DME medium without glucose and refed with a DME=F-12 medium containing 5 mM glucose, 1 nM T 3 and 10 mg=ml transferrin for 24 h in the absence or presence of leptin at final concentrations between 5, 50, 100 and 500 nM. Prior to the addition of 4.5 mM C cells were treated with or without 0.1 mM insulin for 15 min at 37 C. To stop glucose uptake, cells were washed twice with ice-cold PBS and lysed with 0.1% sodium dodecyl sulfate (SDS) for 10 min on ice. Cell-associated radioactivity was counted in a Beckman beta-scintillation counter for 5 min.
Measurement of glycerol in the culture medium
Glycerol accumulation in the culture medium was determined by a bioluminescent assay developed by Hellmer et al 17 using commercially available solutions (BioThema AB, Dalarö, Sweden). Isolated human adipocytes were incubated in 5Âvolume of serum-free differentiation medium supplemented with 2% bovine serum albumin (BSA), 10 mM 2-phenylisopropyl-adenosine (Sigma, Taufkirchen, Germany) and 0.01 U=ml adenosine-deaminase (Boehringer, Mannheim, Germany) with or without 10 79 M insulin for the time periods indicated.
Leptin effects on human adipocytes I Aprath-Husmann et al PAI-1 ELISA PAI-1 measurement in the culture medium was performed using a commercially available ELISA-kit according to the manufacturer's instructions (WAK Chemie, Bad Soden, Germany).
Statistical analysis
Results are expressed as mean AE s.d. Differences between groups were tested using two-tailed Student's t-test. Differences of P < 0.05 were considered as significant.
Results
Leptin receptor expression in human adipocytes
Stromal cells from subcutaneous and omental adipose tissue samples of young and obese women, respectively, were allowed to differentiate in vitro. After cell attachment and on day 18, total RNA was extracted and subjected to RT-PCR for the four human leptin receptor isoforms. PCR-products for the long receptor isoform and for the short isoforms OB-R 219.1 and OB-R 219.3 were detected ( Figure 1 ). The same pattern was obtained when total RNA from mature adipocytes in suspension culture was examined. There was also no difference between subcutaneous and omental fat cells as well as between fat cells from severely obese and lean individuals (data not shown). Thus, these results demonstrated the expression of the long leptin receptor in both human adipocyte models.
Effect of leptin on GPDH activity in differentiating human preadipocytes Human preadipocytes were cultured without addition of troglitazone to avoid a disturbance or masking of potential leptin effects on GPDH activity by the strong GPDH-inducing properties of troglitazone. Cells were incubated with 500 ng=ml human recombinant leptin for the time periods indicated and harvested on day 18. Leptin induced a significant increase in GPDH activity on day 8 and 12 of the differentiation period ( Figure 2 ). Continuous exposure of the cells to leptin during the 18 day period until complete differentiation was obtained did not result in an increase in GPDH activity or in the number of developing fat cells, indicating that leptin has only a transiently accelerating effect on adipose differentiation.
Effect of leptin on glucose transport
Glucose uptake was performed in in vitro differentiated human adipocytes pretreated with recombinant human or Leptin effects on human adipocytes I Aprath-Husmann et al rat leptin at concentrations varying between 5 and 500 nM for 24 h. No modification of basal or insulin-stimulated glucose uptake was observed, neither in the presence of human nor in the presence of rat leptin. Even at the highest dose of 500 mg=ml tested no effect of leptin on glucose uptake in cultured human adipocytes was seen (Figure 3) .
Effect of leptin on basal and isoproterenol-stimulated lipolysis in isolated human adipocytes Freshly isolated human adipocytes were incubated in the presence or absence of 500 ng=ml leptin. There was no effect of leptin on basal or isoproterenol-stimulated glycerol release from adipocytes either during short-term (2 h) or long-term (24 h) incubation (Figure 4a, b) . Fat cells isolated from subcutaneous or omental fat cells from obese individuals also showed no effect of leptin under the same conditions. The presence of 10 79 M insulin in the medium reduced glycerol release by approximately 40 -50%, but no effect of leptin on insulin suppression of lipolysis was detectable (data not shown).
PAI-1 secretion from in vitro differentiated human adipocytes treated with leptin
In vitro differentiating human adipocytes derived from fat tissue of lean women were treated with 500 ng=ml human leptin for several time periods. The culture medium was collected and PAI-1 protein content was determined by ELISA. In comparison to control cells, leptin had no significant effect on PAI-1 protein secretion ( Figure 5 ).
Discussion
Our experiments clearly demonstrated the expression of the long leptin receptor isoform in human adipocytes, either differentiated in vitro or freshly isolated from human adipose tissue from lean or obese subjects. Cultured human preadipocytes and adipocytes also contained two out of three short receptor isoforms in agreement with a recent study in human adipose tissue. 18 Although these data represent only mRNA levels which do not necessarily reflect the presence of substantial amounts of receptor protein, the results prompted us to look for a functional role of leptin in human adipose tissue.
To study the effect of leptin on adipogenesis we used human adipocyte precursor cells in primary culture and measured GPDH activity as differentiation marker. Supraphysiological levels of leptin in the culture medium induced a transient increase of GPDH activity above controls during Leptin effects on human adipocytes I Aprath-Husmann et al the in vitro differentiation process indicating that leptin may be able to accelerate the adipose conversion process. However, the number of developing fat cells remained unchanged by leptin treatment. As the increase of GPDH activity occurred only transiently and at supraphysiological leptin concentrations, we are doubtful whether this accelerating effect on adipose differentiation is of physiological significance.
Previous animal studies failed to show a leptin effect on glucose uptake 4 -6 with the exception of one study in rat adipocytes, 3 in which a concentration-dependent desensitization of the glucose transport system for activation by insulin, both with regard to sensitivity and to responsiveness was found upon leptin exposure. Using fully differentiated human adipocytes in primary culture, we did not observe a change in basal or insulinstimulated glucose uptake upon stimulation by human or rat leptin over a broad range of concentrations in contrast to a recent study using isolated human fat cells in suspension culture where the authors reported a significant reduction of insulin-stimulated glucose uptake by 40%. However, this inhibition was only seen at leptin concentrations of 10 and 100 ng=ml, but not at lower or higher concentrations.
11
Previous in vitro studies in isolated rat adipocytes showed a leptin-induced reduction of the inhibitory effect of insulin on lipolysis. 3 In vivo leptin administration to ob=ob mice 7 or by leptin gene transfer into muscle 8 was found to cause an increase in basal lipolysis. To date, detailed studies on the effect of leptin on lipolysis in humans are rare. There is only one clinical study that revealed a positive correlation between glycerol concentrations and plasma leptin. 19 However, this observation could be due to an indirect effect of leptin. Our experiments clearly indicate that leptin has no significant effect on basal and isoproterenol-induced lipolysis in subcutaneous adipocytes from both lean and obese individuals. Moreover, an identical negative result was obtained in omental adipocytes from obese patients, indicating that leptin exerts no direct effect on lipolysis in human adipocytes. In addition, there was no evidence for an impairment of the antilipolytic activity of insulin by leptin.
As human adipose tissue is an important site of PAI-1 production 20 -22 and as plasma PAI-1 levels and leptin concentrations are closely correlated 23 we looked at the effect of leptin on the regulation of PAI-1 secretion. Our results did not verify this hypothesis for in vitro differentiated human adipocytes and clearly suggest that leptin does not contribute to the disturbances of the fibrinolytic system characteristic for obesity. 21, 22 In conclusion, despite of the presence of the long form of the leptin receptor in cultured human adipocytes, we could not detect significant effects of leptin on main metabolic functions of human adipocytes. It remains to be determined whether leptin exerts other effects in human adipose tissue.
